ABSTRACT: Estimating exposures to PM 2.5 within urban areas requires surface PM 2.5 concentrations at high temporal and spatial resolutions. We developed a mixed effects model to derive daily estimations of surface PM 2.5 levels in Beijing, using the 3 km resolution satellite aerosol optical depth (AOD) calibrated daily by the newly available high-density surface measurements. The mixed effects model accounts for daily variations of AOD-PM 2.5 relationships and shows good performance in model predictions (R 2 of 0.81−0.83) and cross-validations (R 2 of 0.75−0.79). Satellite derived population-weighted mean PM 2.5 for Beijing was 51.2 μg/m 3 over the study period (Mar 2013 to Apr 2014), 46% higher than China's annual-mean PM 2.5 standard of 35 μg/m 3 . We estimated that more than 19.2 million people (98% of Beijing's population) are exposed to harmful level of long-term PM 2.5 pollution. During 25% of the days with model data, the population-weighted mean PM 2.5 exceeded China's daily PM 2.5 standard of 75 μg/m 3 . Predicted high-resolution daily PM 2.5 maps are useful to identify pollution "hot spots" and estimate short-and long-term exposure. We further demonstrated that a good calibration of the satellite data requires a relatively large number of ground-level PM 2.5 monitoring sites and more are still needed in Beijing.
■ INTRODUCTION
Particulate matter (PM) air pollution in China is a major public health problem. According to the Global Burden of Disease report, ambient PM air pollution is responsible for over 1.2 million premature deaths annually in China, and 50% of its 1.3 billion population is currently exposed to ambient PM 2.5 (particulate matter with aerodynamic diameters of less than 2.5 μm) in exceedance of an annual average of 35 μg/m 3 (China's National Ambient Air Quality Standard, or NAAQS, available at http://kjs.mep.gov.cn/). 1 In recent years, extremely high PM 2.5 concentrations have been reported over many urban areas in China, notably in Beijing. 2−5 Some of the worst pollution episodes saw PM 2.5 concentrations exceeding 500 μg/ m 3 and lasting multiple days. 6, 7 Accurate assessment of population exposure to such elevated levels of PM 2.5 over densely populated urban areas requires surface PM 2.5 concentrations at high temporal and spatial resolutions, but ground-level monitors have been sparse in China which hinders our ability to accurately assess the health impact of PM 2.5 pollution.
Satellite retrievals of AOD provide larger spatial coverage and have been widely employed as a proxy to infer surface PM 2.5 concentrations. 8−13 Early studies obtained the AOD-PM 2.5 relationships using simple linear regression models or chemical transport models (CTM) at a global or continental scale, including the United States (US) and Europe. 10,11,14−17 Those studies reported R 2 , a measure of goodness of fit of linear regression, generally between 0.3 and 0.6 and the AOD-PM 2.5 relationship was typically assumed to be constant in time and location. 18 Advanced statistical models (e.g., generalized linear model, land use regression model, geographically weighted regression, and generalized additive model) have been applied in order to account for variability in the AOD-PM 2.5 relationships associated with meteorology or land use. 13,19−22 These advanced models yielded higher prediction performance (R 2 at 0.6−0.8) for large regions such as the northeastern and southeastern US and China, but the increased complexity of these models requires additional data as inputs. Lee et al. 23 first introduced an AOD daily calibration approach using a mixed effects model to account for day-to-day and location-specific variability in the AOD-PM 2.5 relationships over New England. They demonstrated that daily adjustment of the AOD-PM 2.5 relationships leads to a significant improvement in model performance with R 2 reaching 0.92, as compared to the linear regression (R 2 ∼ 0.51) applied to the same region. The mixed effects model provides a valuable tool for estimating PM 2.5 concentrations in urban areas where ground monitoring sites are not of sufficient density.
Dense surface networks and high-resolution satellite AOD data are essential for improving the accuracy of exposure assessment models. Since Mar 2013, 35 PM 2.5 monitoring sites have been deployed in Beijing Municipality by Beijing Environmental Protection Bureau, providing hourly PM 2.5 concentrations at the urban and suburban areas of Beijing. In early 2014, the Moderate Resolution Imaging Spectroradiometer (MODIS) team released the new collection 6 (C006) AOD products at a 3 km resolution. 24 Prior standard AOD products from MODIS have a spatial resolution of 10 km or coarser. Most of the previous studies applying the MODIS AOD to derive surface PM 2.5 concentrations over China focused on the regional scale with resolutions ranging from 10 km to 100 km. 12, 13, 22 Utilizing the newly available surface monitoring data in Beijing, this study is the first attempt to develop a mixed effects model to estimate ground-level PM 2.5 concentrations using the 3 km resolution AOD data on a daily basis for a heavily polluted urban environment in China. The severe pollution events offer a valuable opportunity to assess the performance of the daily AOD calibration approach through this mixed effects model. The paper is organized as follows: surface and satellite data as well as model development are introduced in the "Materials and Methods" section; the model performance, PM 2.5 prediction results, and uncertainties are provided in the "Results and Discussion" section.
■ MATERIALS AND METHODS
Ground-Level PM 2.5 Data. Hourly PM 2.5 concentrations observed at 35 monitoring stations in Beijing (Figure 1b) were obtained from Beijing Municipal Environmental Monitoring Center (http://zx.bjmemc.com.cn/). Surface PM 2.5 mass concentrations are measured by the Tapered Element Oscillating Microbalance (TEOM) method, and the measurements have undergone the calibration processes and quality controls according to the environmental protection standard of China (HJ 618-2011; MEPCN). 25 Beijing Municipality consists of 16 districts with six urban districts located in the center of the city and ten suburban districts surrounding the urban regions (Figure 1c ). Among the 35 PM 2.5 monitors, 17 are located in the urban districts and 18 in suburban districts. We averaged the surface concentrations measured between 13:00 pm and 14:00 pm local time at each site to derive the daily PM 2.5 concentrations that match with the overpassing time of the Aqua satellite. The study period is from March 26th 2013 to April 23th 2014, spanning a total of 394 days.
MODIS 3 km AOD Products and Calibration. MODIS 3 km AOD Product. MODIS on board the NASA Aqua satellite has been in operation since 2002, providing retrieval products of aerosol and cloud properties with nearly daily global coverage. 26 The dark target algorithms make use of surface reflectance at three wavelength channels (0.47 μm, 0.66 μm, and 2.12 μm) for AOD retrievals over land. Standard MODIS Level 2 (L2) AOD products are distributed at a 10 km resolution. To fulfill the need for higher resolution pollution detection, the most recently released MODIS Collection 6 product (MYD04_3K) provides aerosol products at a 3 km resolution in addition to the L2 10 km product. The retrieval algorithm of the higher resolution product is similar to that of the 10 km standard product, but averages 6 × 6 pixels in a single retrieval box rather than the 20 × 20 pixels after cloud screening and other surface mask processes. Pixels outside the reflectivity range of the brightest 50% and darkest 20% at 0.66 μm are discarded to reduce uncertainty. Validation against surface sun photometer shows that two-thirds of the 3 km retrievals fall within the expected error on a regional comparison but with a high bias of ∼0.06 especially over urban surface. 27 MODIS AOD Validation. The ground-based AOD measurements from three AErosol RObotic NETwork (AERONET) sites (http://aeronet.gsfc.nasa.gov/) in Beijing were used to validate the satellite-derived AOD. To be comparable with the spectrum setting of MODIS, AERONET AOD at 550 nm were calculated by interpolating AOD at 440 nm and at 675 nm using the reported angstrom exponent at the respective wavelengths. The 3 km MODIS AOD products from Aqua show high temporal correlations with the AERONET AOD (Pearson correlation coefficient r of 0.93, 0.93, and 0.94 at the three sites respectively, Text S1, Supporting Information (SI)). The mean AOD difference between MODIS and AERONET at the three sites is 0.29. The higher AOD from MODIS could be partly attributed to the reflectance bias over the brighter surface of urban areas, which was also observed over other urban regions. 24, 27 Since this bias is persistent for the full range of AOD values, it can be treated as a systematic bias when deriving the PM 2.5 to AOD ratio and is not expected to influence surface PM 2.5 estimation in this study because we calibrated MODIS AOD with ground-level PM 2.5 measurements on a daily basis.
Model Development and Validation. We selected the site-collocated satellite AOD values for each surface site where it falls within a 3 km grid. If there are more than one site within a single 3 km grid, the PM 2.5 values of those sites are averaged. With this process, sites #12 and #14 are averaged, and there remain 34 pairs of AOD and PM 2.5 data for model development.
A linear regression model was first applied to the collocated AOD and PM 2.5 data sets. The linear regression model for all 34 sites follows the form of
where α and β are the fixed intercept and slope, respectively. The intercept and slope do not have spatial and temporal variations since the linear regression model assumes that the AOD-PM 2.5 relationship is constant for all the sites throughout the study period. The log transformed AOD and PM 2.5 were also tested, and no significant improvement was found in the regression performance. Therefore, we only present the regression results with the original AOD and PM 2.5 data sets. In reality, the AOD-PM 2.5 relationship may exhibit spatial and temporal variations due to changing meteorology and other factors. To represent the varying AOD-PM 2.5 relationship, we developed a mixed effects model following the approach proposed by Lee et al. 23 which takes into consideration daily variations of the AOD-PM 2.5 relationship and derives sitespecific parameters for spatial adjustment. The mixed effects model estimates surface PM 2.5 concentrations for each site i of day j (PM 2.5,ij ) from collocated MODIS AOD (AOD ij ) in the form of
where α and β are the fixed intercept and slope independent of time and location, and u j and v j are the random intercept and slope for all the sites at each day. When the subscript i is not present for a parameter in eq 2, it indicates that the parameter does not change by site. The random terms (u j and v j ) reflect the day-to-day variations of the AOD-PM 2.5 relationship influenced by meteorology, satellite retrieval conditions, etc. The s j ∼ N(0, σ s 2 ) is a site term which accounts for the spatial difference of the AOD-PM 2.5 relationship due to differences in site specific characteristics (i.e., surface reflectivity, topography, PM 2.5 emissions, and pollution transported to the observation sites). The comparison between the mixed effects models with and without the site effect s i provides a measure of the sensitivity in model-derived day-to-day variations of the AOD-PM 2.5 relationship to site locations. ε ij represents the error term, and ∑ is the variance-covariance matrix for the day-specific random effects. We excluded days with less than two pairs of AOD-PM 2.5 data and performed model predictions on the remaining available days. Model performances were evaluated by comparing the predictions to ground measurements using R 2 , mean prediction error (MPE), and root-mean-square error (RMSE). The correlation coefficient, r, reported in this study is the Pearson correlation coefficient unless stated otherwise.
A cross-validation (CV) method was implemented to test the performance of the linear regression model and mixed effects model. We isolated one site at a time, performed model fitting with the remaining 33 sites, and validated model performances on the isolated site. The process was repeated for each of the 34 sites. The CV statistics are represented with R 2 , MPE, and RMSE. We also varied the number of isolated sites during cross-validation to 5, 10, and 20 as a way of testing the sensitivity of the mixed effects model to the density of surface monitors needed.
■ RESULTS AND DISCUSSION Descriptive Statistics. Table 1 presents the descriptive statistics of measured PM 2.5 concentrations at the 35 surface sites and site-collocated MODIS AOD during the study period. Daily time series of the site-average PM 2.5 concentrations and site-collocated MODIS AOD (Figure 1a ) indicate an overall good correlation between them (r = 0.6). Average PM 2.5 from the ground-based monitors is 81.04 μg/m 3 during the study period, more than a factor of 2 higher than China's NAAQS of 35 μg/m 3 for annual-mean PM 2.5 , and the standard deviation (SD) is 73.23 μg/m Spatially surface PM 2.5 from the ground-level monitors presents a decreasing gradient from south to north due to topography and land use difference in Beijing (Figure 1b) . The south to north PM 2.5 gradient generally demonstrates the emission difference between suburban and urban regions. In addition, the southern sites are more influenced by pollution transported from the cities south of Beijing, while north of Beijing is surrounded by mountains. Satellite AOD averaged for the entire study period exhibits a similarly strong spatial gradient (Figure 1c) , with the highest values over the southeast urban districts. The correlation between the period-mean PM 2.5 and site-collocated AOD is 0.64 across the 35 sites, indicating a relatively tight spatial consistency between the two data sets.
Linear Regression Model. The linear regression model gives a regression slope of 58.67 and an intercept of 10.08 between measured PM 2.5 and site-collocated MODIS AOD, with an overall R 2 of 0.47 (p < 0.0001) ( Table 2 ). MPE and RMSE are 21.49 μg/m 3 and 32.09 μg/m 3 , respectively. The regression performance at each of the 34 sites (sites #12 and #14 were averaged) is shown in Text S2 (SI). The correlation is slightly higher in the cold season (R 2 = 0.52) than that in the warm season (R 2 = 0.47). The linear regression slope for the warm season is 42.2% lower than that for the cold season due mainly to lower PBL and lower RH in the cold season. The simple linear regression model will be used as a benchmark to assess the improvement in predictability by the mixed effects model.
Mixed Effects Model Fitting and Validation. After the data selection process described above, there are a total of 120 valid days including 1435 pairs of AOD-PM 2.5 data available for model fitting. The parameters and performances of the mixed effects model are compared with those from the linear regression model in Table 2 . The overall R 2 between the predicted and measured PM 2.5 is 0.81 from the mixed effects model without a site term, which is a significant improvement compared to the R 2 of 0.47 from the linear regression model. The prediction performance at each site is displayed in Text S2 (SI). The site-specific R 2 ranges from 0.54 to 0.96 with the Figure 2) . By adding the daily calibration of the AOD-PM 2.5 relationship through the mixed effects model, the 3 km AOD product from MODIS explains on average 83% of the observed surface PM 2.5 variability. The overall MPE and RMSE are 11.45 μg/m 3 and 17.85 μg/m 3 , respectively, 47.3% and 44.4% lower than the corresponding values from the simple linear regression. The fixed term of the intercept and slope is 20.44 (p < 0.001) and 53.13 (p < 0.001), with the standard errors being 2.30 and 5.00, respectively. The daily specific intercept and slope have a standard deviation of 13.46 and 32.98, respectively. The mixed effects model has a higher R 2 (0.87) and smaller MPE and RMSE for predicting PM 2.5 in the cold season than for the warm season. The mean daily specific slope for the warm and cold season is −6.6 (SD = 28.2) and 12.7 (SD = 37.8), respectively. The larger slope for the cold season reflects a higher portion of PM 2.5 concentrated near the surface due to lower PBL, consistent with the linear regression model, while the higher SD of the cold season slope indicates the larger day to day variation. The intercepts have less variation between the two seasons.
The site effect term is incorporated in the mixed effects model to examine if the AOD-PM 2.5 relationship can be further improved with spatial variation. The site effect term at each monitoring location varies from −10.55 to 18.71 (SD = 6.03). Larger values are found at sites located in southern (sites #1, 2, 3) and eastern (site #26) Beijing. These southern sites are subject to more frequent regional transport of aerosols from the heavily industrialized cities southward and southwestward of Beijing. The other two sites near traffic (sites #8, 12) also show a higher site effect term, indicating the influence of local pollution. The mixed effects model with a site effect term has an overall R 2 of 0.83, with MPE of 10.69 μg/m 3 , and RMSE of 16.63 μg/m 3 ( Table 2) . Detailed statistics are shown in Text S2 (SI). Compared with the mixed effects model without the site effect, adding the site effect shows only a slight improvement in the model performance with a 6% decrease of MPE and RMSE (Table 2 ). This comparison further confirms that day-to-day variation of the AOD-PM 2.5 relationship is a more important factor than the spatial variation of this relationship. In support of this, we found that exclusion of the two southern sites (#1, 2) or the two traffic sites (#8, 12), which are not represented by the 3 km AOD product, does not affect the performance of the mixed effects model (Text S3, SI).
Given the difference in data statistics between the cold and the warm season, we tested if the linear regression model and the mixed effects model would give better results when fitted separately for each season (Table 2 ). Based on detailed comparison (Text S2), we found that it is unlikely that the model itself can be improved through separate fitting by season. Therefore, we chose to use the mixed effects model fitted with data from the entire period for PM 2.5 predictions over Beijing.
Cross-validation results for different models are shown in Figure 3 Predicted Surface PM 2.5 . Given the high predicting power of the mixed effects model, it is used to derive surface PM 2.5 maps for Beijing at 3 km resolution. The site effect is not used when mapping surface PM 2.5 for the following reasons: first, the site effect is a site specific term and such information is not available for every 3 km grid; second, while the site effect term can be interpolated spatially onto each grid, this process brings in additional uncertainty in predicted PM 2.5 which cannot be well characterized given the sparseness of the existing monitors; third, the mixed effects model without the site effect has similar performance statistics compared to the one with the site effect. The predicted long-term mean surface PM 2.5 map is shown in Figure 4a . Here the long-term mean refers to the average from all valid model-days during the entire study period. There is a southeast-to-northwest gradient in the predicted PM 2.5 distribution, with higher concentrations over downtown urban areas and southern regions and lower values over north and western suburban districts. The predicted long-term mean PM 2.5 for the whole Beijing city is 40.97 μg/m 3 . The district-mean PM 2.5 concentrations, calculated by averaging the predicted PM 2.5 from all the satellite grids that fall within the boundaries of individual districts, range from 32.2 μg/m 3 for the Mentougou district to 55.5 μg/m 3 for the Daxing district. For comparison, we calculated the monitor-derived districtmean PM 2.5 by averaging the measured PM 2.5 from all the sites that fall within each district (Text S4, SI). The number of available sites for individual districts ranges from one to a maximum of four. For the densely populated Xicheng and Chaoyang districts, the satellite-derived mean PM 2.5 is ∼20% and 12% higher than the monitor-derived mean, respectively. This suggests that those urban regions are particularly undersampled by the existing surface monitors.
The population-weighted mean PM 2.5 is derived by weighting the satellite-derived PM 2.5 by population in each grid. The gridded population data was adopted from the 1 km population data set by Fu et al. 28 The population data were regridded to the same 3 km resolution as the satellite-derived PM 2.5 . The resident population of Beijing was 19.61 million in 2010, consisting of 11.72 million (59.8%) in the six urban districts and 7.89 million (40.2%) in the ten suburban districts according to the sixth national population census. The population-weighted mean PM 2.5 for Beijing as a whole is 51.2 μg/m 3 , which is 25.0% higher than the area mean of 40.97 μg/m 3 and 46.3% higher than China's annual mean standard of 35 μg/m 3 . The predicted PM 2.5 levels indicate that approximately 58.7% of the area of Beijing Municipality, corresponding to a total of 19.2 million or 98% of the total population, is exposed to risky PM 2.5 pollution levels, which is a serious health concern for Beijing. Higher PM 2.5 concentrations are predicted near main traffic routes, and several PM 2.5 hotspots are located in areas of higher road density, for example over the urban center, near the main expressways extending southward to Fangshan and Daxing districts, and at road conjunctions in Pinggu and Shunyi districts (Figure 4a) , 29 suggesting emissions from road transportation as an important contributor to PM 2.5 pollution in Beijing. Both AOD-derived PM 2.5 and surface measurements indicate lower PM 2.5 levels within the second ring road at the urban center where there is lower industry activity and higher percentage of parks and common spaces.
Heavily polluted days were selected as the days with cityaverage daily population-weighted mean PM 2.5 concentrations greater than 75 μg/m 3 (China NAAQS level 2 daily standard). Among all the 120 days with valid data, a total of 30 days (25%) are heavily polluted days. As shown in Figure 4 , the mean PM 2.5 of those heavily polluted days displays a similar spatial pattern with the mean PM 2.5 of all the days but with enhanced PM 2.5 levels over the whole city of Beijing. The population-weighted ) over the whole Beijing, 46% (20%) higher than the daily standard. During the heavily polluted days, the southern and southeastern edge of Beijing had averaged PM 2.5 concentration almost twice the mean concentration of all the days, suggesting that regional pollution transported from south of Beijing contributes to high pollution levels in Beijing during those polluted days. Given the regional influence, those polluted days also saw 123.9% and 85.1% higher PM 2.5 levels than the mean conditions in the relatively cleaner northern and northwestern districts, respectively. Under the polluted conditions, more than 58.67% of the city, which includes all the urban districts and 55.01% of the suburban districts, is exposed to PM 2.5 levels higher than 75 μg/m 3 . These areas correspond to a total population of 19.07 million, including 11.72 million in urban districts and 7.35 million in suburban districts. The high PM 2.5 concentrations and high population exposures presented here provide clear evidence for the serious health risk of PM pollution for Beijing residents, calling for aggressive emission control measures both within the city and in the surrounding regions.
Model Performance Comparison. To demonstrate the benefit of the fine-resolution AOD product, we averaged the 3 km AOD product onto 6 km and 9 km resolution and used those regridded coarser-resolution AOD to develop the mixed effects model. The details on data processing, model developments, and model performances comparison are provided in the Text S5 (SI). The mixed effects model developed from the 3 km AOD product has better performances than that developed from the 6 km and 9 km products, with R 2 higher by up to 0.02 and MPE and RMSE lower by ∼10%.
To compare with previously published studies which used the standard MODIS L2 10 km AOD products as predictors of surface PM 2.5 , we also tested the change in model performances when using the standard 10 km product (Text S5, SI). 30 The total available pairs of AOD-PM 2.5 data decrease by 32.9% when using the 10 km AOD product. Spatially, the 10 km product shows similar patterns with the 3 km products but provides much less details in terms of spatial variability. The model R 2 based on the 10 km AOD product is ∼0.02 lower than that based on the 3 km product, with mean MPE and RMSE higher by ∼13% and 17%, respectively. The regression performance based on the 10 km product is also lower than that using the regridded 6 km and 9 km products, further demonstrating the benefit of using finer-resolution AOD. The AOD variation of a single 10 km pixel can be as high as 0.2. Therefore, the 3 km resolution product provides better spatial representation and allows capturing intraurban variations of the PM 2.5 concentrations, offering a direct benefit for air quality and pollution exposure assessment.
By considering daily calibration of the AOD-PM 2.5 relationship, the mixed effects model gives higher modeled R 2 (0.83) and CV R 2 (0.79) than previously published studies, e.g., the geographically weighted regression model over the entire China region (R 2 = 0.64) and for Pearl River Delta (R 2 = 0.74), the empirical nonlinear model for Xi'an (R 2 = 0.67). 13, 22, 31 A recent work estimated surface PM 2.5 for China using MODIS AOD at a 1 km resolution, but the R 2 between the observed and predicted PM 2.5 was only 0.49 for Beijing, possibly due to less surface observations used for daily model calibration. 32 The performance statistics of the mixed effects model developed here for Beijing are also comparable with those from the U.S. studies using the 1 km resolution MODIS AOD derived from the Multi-Angle Implementation of Atmospheric Correction (MAIAC) program (R 2 = 0.67−0.84).
33,34
Prediction Uncertainties. While the satellite-predicted PM 2.5 provides larger spatial coverage than the unevenly distributed ground-based monitors, the satellite has less temporal coverage due to its sampling limitation associated with surface conditions, clouds, and other factors especially in the cold season. With only 120 days of model-predicted PM 2.5 during the whole study period, the satellite-predicted mean PM 2.5 for those model-days is on average 32.0% lower than the monitor-derived mean PM 2.5 for the whole study period at the site locations. The difference at individual sites ranges from 11.7% to 41.8%. To account for different data availability during the warm and cold season, we calculated the long-term mean of predicted PM 2.5 by weighting the seasonal means by the number of available predictions in each season. The weighted long-term mean of predicted PM 2.5 at site locations is 18.9% lower than the monitor-derived long-term mean. This suggests that the sampling bias by the satellite may affect the long-term mean PM 2.5 derived from the AOD-based daily calibration model, and the estimation of long-term mean population exposure from this study is probably too low.
Other possible errors of the predicted surface PM 2.5 concentrations include those from both satellite AOD products and surface PM 2.5 measurements. The 3 km AOD products from MODIS have shown comparable quality with the widely validated 10 km products with an expected error of 0.05 ± 0.25 AOD. 24 However, improper characterization of surface reflectance will adversely impact retrieval accuracy of the higher-resolution products. 27 While this study validated the 3 km MODIS AOD products with ground-based AOD at three urban AERONET sites in Beijing, there are no ground-based AOD measurements to characterize the bias of MODIS AOD over other urban surfaces or the suburban regions in the city. Measurement bias in surface PM 2.5 concentrations from the TEOM instrument also contributes to the prediction uncertainty. 35, 36 In addition, different spatial scales could bring uncertainties in the AOD-PM 2.5 relationship because the MODIS AOD reflect the average condition of a 3 km grid, while the site PM 2.5 is based on point measurement. This partly explains higher PM 2.5 at site #1 which is not observed by satellite. The mixed effects model also introduces uncertainties with the assumption of linearity and AOD as the single predictor.
Despite the uncertainties, this study is the first application of the most recent higher-resolution MODIS AOD products to predict surface PM 2.5 concentrations over Beijing at 3 km resolution. The advantage of the mixed effects model developed here is that it calibrates AOD-derived PM 2.5 models on a daily basis to account for the time varying AOD-PM 2.5 relationship. By allowing the AOD-PM 2.5 relationship to change temporally, the mixed effects model considers, at least partially, the impact of other factors correlated with time, such as emissions from anthropogenic activities and vegetation as well as weather conditions, because those factors are expected to affect the daily variability of the AOD-PM 2.5 relationship. The high prediction performance (R 2 = 0.83) of the mixed effects model has demonstrated the value of using the higher-resolution AOD products at the urban scale for Beijing, where population density varies from 23407/km 2 in urban center to 958/km 2 in suburban developing districts. Nevertheless, the model cannot include the full extent of other explanatory factors. Given the R in this study, the impact of other explanatory factors is unlikely to play a dominant role, but it is worth future investigation to further improve the model. In addition, surface observations from more sites and longer periods are useful to calibrate the AOD-PM 2.5 relationships. 
